Four robust yeast strains were engineered with the same xylose metabolic pathway. Selection of recombinant yeast were addressed from an integrated process perspective. Recombinant strains attained significant variances in xylose uptake/xylitol formation. High ethanol yields (0.40-0.46 g/g) were obtained from non-detoxified hydrolysates. 70-100% of xylose was consumed in hydrolysate at 40°C for selected strains. 
Introduction
Bioethanol production from lignocellulosic feedstocks has become increasingly important in the last years due to the progressive depletion of fossil fuels reserves and the growing importance of food and animal feed industry sustainability (Aditiya et al., 2016) . Industrial lignocellulosic fermentations for bioethanol production involve several stages (pretreatment, saccharification and fermentation) each of which poses significant challenges to attain an economical feasible process (Zaldivar et al., 2001) . The complex structure of lignocellulosic biomass needs to be disrupted by a pretreatment in order to obtain fermentable sugars from cellulose and hemicellulose. Xylose, which is one of the main sugars obtained from the hemicellulosic fraction, is not naturally consumed by Saccharomyces cerevisiae (the preferred yeast for ethanol large-scale processes). Furthermore, compounds such as furfural, hydroxymethylfurfural and acetic acid, released during the pretreatment and hydrolysis steps of lignocellulosic material, are known inhibitors of yeast growth and fermentation (Chandel et al., 2013) . Additionally, the desirable implementation of high productivity processes, such as simultaneous saccharification and cofermentation, requires a balance between the optimum temperatures of saccharolytic enzymes and fermentation microbes (Jin et al., 2010) . Taking these drawbacks into account, a costefficient exploitation of lignocellulosic biomass for bioethanol production requires the construction of genetically modified yeast capable of co-fermenting glucose and xylose, preferably using robust chassis strains, with intrinsic high resistance to inhibitors and to high temperatures (Li et al., 2016; Moysés et al., 2016) .
Industrial environments have been identified as an unexplored bioresource of yeast strains with higher robustness and fermentation performance (Pereira et al., 2014a) . On the other hand, the strategy commonly performed for selection of an optimal strain consists in exposing several yeasts to the individual/separate effect of stress factors or in testing only one lignocellulosic material (Demeke et al., 2013; Li et al., 2015) . Recent work has reported heterogeneous outcomes for tolerance genes overexpression (PRS3 and RPB4, genes identified in Pereira et al. (2011a Pereira et al. ( , 2014b ) in different glucose hydrolysates and/or host strain showing that cell tolerance engineering must be customized to the strain background and hydrolysate used in the process (Cunha et al., 2015) .
Furthermore, there are indications that industrial isolates may have different intrinsic capabilities to respond to genetic engineering for pentose metabolism (Li et al., 2015) . Most strains have to be subjected to more or less prolonged adaptation or evolutionary engineering in order to show appreciable xylose uptake (Demeke et al., 2013) . These recent findings point to the necessity of a tailor-made development of lignocellulosic ethanol-producing yeast where specific process variables are all integrated in the selection process for chassis strain. Instead of adapting the yeast strains for xylose fermentation after xylose-pathway genetic engineering one alternative approach would be to select robust yeast chassis for the multiple stress encountered in hydrolysates and then introduce the genetic modification for xylose consumption in the selected chassis. The constructed strains should then be screened taking into account the limitations involved in 2G bioethanol processes such as source and nature of hydrolysate, quantity and types of inhibitors, process temperature and sugar co-consumption in a broad range of lignocellulosic hydrolysates. In this way and thinking in an industrial setting, a panel of robust genetically engineered strains could be established to cover common variations in process variables such as raw material to create an industrial process that is more resilient to raw material market fluctuations.
Considering this, in the present study, and taking advantage of the novel metabolic pathway assembly tool (Yeast Pathway Kit; Pereira et al., 2016) , four industrial S. cerevisiae strains, previously selected as robust and efficient for glucose 2G bioethanol production (Pereira et al., 2014a) , were engineered with the same pathway for xylose consumption. These strains were evaluated in terms of fermentation performance in xylose and cofermentation of both glucose and xylose. Furthermore, for a more dose-to-reality approach, the xylose metabolic backgrounds of those strains were also tested using non-detoxified hydrolysates from hydrothermal treatment of two fast growing hardwoods (Eucalyptus globulus and Paulownia tomentosa) and two agricultural residues (corn cob and wheat straw) at 30 and 40°C.
Materials and methods

Yeast strains
Four industrial S. cerevisiae isolates were used as chassis strains in this work: CCUG53310, flocculating strain isolated from a Swedish second generation bioethanol plant (Purwadi et al., 2007; Pereira et al., 2014a) ; PE-2 and CAT-1, isolated from Brazilian first generation bioethanol plants (Basso et al., 2008; Pereira et al., 2011b) ; and CA11, isolated from Brazilian ''cachaça" fermentation processes (Freitas Schwan et al., 2001; Pereira et al., 2010) .
Strains construction
The Yeast Pathway Kit developed by Pereira et al. (2016) was used for construction of the pMEC1049 vector , containing the xylose utilization pathway. Briefly, this vector contains the XYL1 (N272D; mutated for higher specificity for NADH (Runquist et al., 2010) ) and XYL2 genes from Scheffersomyces stipitis, and the endogenous XKS1 and TAL1 genes, under different S. cerevisiae promoters TEF1, TDH3, PGI1 and FBA1, respectively. This vector was introduced in the above mentioned industrial strains, CCUG53310 and CA11, using the lithium acetate method (Gietz and Akio, 1988) . Transformants were selected in YPD plates (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose and 20 g/L agar) containing 300 lg/mL of hygromycin. The resultant xylose metabolizing yeast strains were named CCUG53310-X and CA11-X. PE-2-X (PE-2 strain with the xylose metabolic pathway described above) and CAT-1-X (CAT-1 strain with the xylose metabolic pathway described above) were equally engineered in a previous work where they were designated as MEC1121 and MEC1122, respectively . Additionally, a PE-2 strain with the two copies of the GRE3 gene deleted (to remove the principal native route of xylitol production) and containing the same xylose metabolic pathway was also studied in this work, and was named PE-2-X-dGRE3 (also designated MEC1133 in Romaní et al. (2015) ). The recombinant strains were kept on xylose medium to maintain selection for the pMEC1049 vector.
Hemicellulosic hydrolysates
Hemicellulosic hydrolysates used in this work were obtained from processing of four lignocellulosic feedstocks (two fast growing hardwoods: Eucalyptus globulus and Paulownia tomentosa wood and two agricultural residues: corn cob and wheat straw) by hydrothermal treatment followed of acid hydrolysis. Conditions of hydrothermal treatment were selected in based of previous works (Rivas et al., 2002; Pereira et al., 2011a; Romaní et al., 2014; Domínguez et al., 2017) and shown in Table 1 . The hardness of hydrothermal treatments can be expressed in terms of ''severity" (S 0 ), defined as the logarithm of the severity factor R 0 (Lavoie et al., 2010) . After treatment, solid and liquid phases were separated by filtration. Solid phase was recovered and washed for Solid Yield (SY) determination and analysed for chemical composition following standard methods described by NREL protocols (NREL/ TP-510-42618-42622-4218). Liquid phases were subjected to a second step of acid hydrolysis with 1.5% (w/w) H 2 SO 4 for 45 min at 121°C in an autoclave. Resulting hydrolysates (containing hemicellulose derived compounds) were neutralized with CaCO 3 until pH 5 and sterilized by filtration (0.2 lm) to be used as fermentation media. Composition of hydrolysates (sugars, acetic acid and furan compounds) was analysed by HPLC and shown in Table 1 .
In order to evaluate the nutritional supplementation, hydrolysates were enriched with commercial nutrients (20 g/L peptone and 10 g/L yeast extract) and alternatively with low-cost supplements (cheese whey, 16.52 g/L; urea, 0.86 g/L; corn steep liquor, 5.79 g/L; raw yeast extract, 4.10 g/L and K 2 O 5 S 2 , 0.3335 g/L) as described by Kelbert et al. (2015) .
Inoculum
The yeast strains used for inoculum preparation were preserved on YPX solid medium (20 g/L of xylose, 20 g/L of technical agar, 5 g/ L of yeast extract and 10 g/L of peptone) at 4°C and transferred regularly to fresh medium. Yeast cells for inoculation were grown in 250 mL Erlenmeyer flasks with a working volume of 100 mL media composed by 30 g/L of xylose, 20 g/L of peptone and 10 g/ L of yeast extract, with orbital shaking (200 rpm) at 30°C for 24 h. Biomass was recovered by centrifugation (10 min, 4000g, 4°C) and pellets were suspended in 0.9% (w/v) sodium chloride solution, in order to achieve a final concentration of 200 mg of fresh yeast/mL. The concentrated cell suspensions were used to inoculate the fermentation media, with a cellular concentration of 5 mg of fresh yeast/mL (corresponding to 1.8 mg of dry yeast/ mL).
Fermentation assays
The fermentation experiments were carried out in 100 mL Erlenmeyer flasks (working volume 30 mL), at 30°C or 40°C in an orbital shaker (150 rpm) under oxygen-limited conditions and pH 5 (experiments listed in Tables 2-4) . To achieve what has been defined as oxygen-limited conditions, flasks were closed with cotton stopper, allowing the culture to contact with air while maintaining oxygen limitation. The fermentations were monitored by sample collection for HPLC analysis. Biomass concentration in the media was measured by dry cell weight in the end of fermentation. The experiments of this study were performed in duplicate, allowing standard deviation calculation. Besides the hemicellulosic hydrolysates described in Section 2.2 the yeast strains were also tested in YPX (10 g/L of yeast extract, 20 g/L of peptone and 45 g/ L of xylose) and YPDX (10 g/L of yeast extract, 20 g/L of peptone, 20 g/L of glucose and 50 g/L of xylose) media.
Determination of fermentation parameters
Glucose consumption rate (g/LÁh) was calculated as the difference between culture glucose concentrations at the beginning of the culture (Gt0) and glucose (GtGf) at time tGf divided by tGf. Where Gt0 is the concentration of glucose at initial time (t 0 ) and tGf is the first time point when glucose is virtually exhausted (indistinguishable from 0 g/L by the analytical methods used and achieved at first 6 h of fermentation).
Xylose consumption rate (g/LÁh) was calculated in a similar manner, but divided into two phases before and after glucose exhaustion. Thus, two rates were calculated one in the presence and one in the absence of glucose. Thus, xylose consumption rate in presence of glucose was calculated by ratio between xylose consumed while glucose is present (X t0 À X tGf ) and time needed for glucose consumption (t Gf À t 0 ). Where X t0 is the concentration of xylose at initial time and X tGf is the xylose concentration when the glucose was totally consumed. Xylose consumption rate in absence of glucose was calculated by ratio between xylose consumed (X tGf À X tEmax ) and the time needed for this consumption (t Emax À t tGf ). X tEmax is the concentration of xylose when ethanol achieved the maximum concentration and t Emax is the time needed to achieve the maximal concentration of ethanol. In media with xylose as only carbon source, xylose consumption rate was calculated by ratio between xylose consumed when the ethanol achieved the maximum concentration (X t0 À X tEmax ) and time needed for this xylose consumption (t Emax À t 0 ).
Ethanol yield (Y P/S ) was calculated by the ratio between maximal ethanol produced in the fermentation that was achieved at 48 h for synthetic media and within 24-34 h for hydrolysate media and sugars consumed in this period of time. Biomass yield (Y x/s ) was determined by ratio between dry weight of cells and sugars consumed at the end of fermentation. Fermentation parameters from hydrolysates assays were expressed as ethanol obtained in g per 100 g of xylan present in lignocellulosic biomass.
Analytical methods
Samples collected from fermentation runs and from analytical analysis of hydrolysates and pretreated solid fraction were analysed for xylose, glucose, xylitol, acetic acid, ethanol, furfural and HMF concentration by HPLC utilizing a BioRad Aminex HPX-87H column, Table 2 Main results of batch fermentation performance of metabolic engineered Saccharomyces cerevisiae strains (PE-2, PE-2 with GRE3 deleted, dGRE3, CA11 and CAT-1, CCUG53310 backgrounds with the xylose metabolic pathway, -X) in glucose and xylose synthetic media (YPDX is a medium with glucose, xylose, yeast extract and peptone). operating at 60°C, with a mobile phase 0.005 M H 2 SO 4 and flow rate of 0.6 mL/min. The peaks corresponding to xylose, glucose, xylitol, ethanol and acetic acid were detected using a Knauer-IR intelligent refractive index detector, whereas furfural and HMF were detected using an Knauer-UV detector set at 210 nm.
Statistical analysis
The software SPSS version 23 (IBM) for Windows was used to perform the statistical analysis. Data are presented as means ± standard deviation of duplicate determination. Differences among the diverse yeast strains were verified using oneway ANOVA test, with subsequent Tukey's test as a post hoc comparison of means. Statistical significance was established at P < 0.05 for the comparison, and assembled in homogenous groups represented by letters. Differences between the effect of commercial or low-cost supplementation in the fermentation profiles in hydrolysates were tested by repeated measures two-way ANOVA.
Results and discussion
3.1. Evaluation of metabolic engineered strains for xylose and glucose fermentation 3.1.1. Evaluation of yeast strains co-consumption capacity
In this work, glucose and xylose uptake was evaluated in five different robust yeast strains -PE-2-X, PE-2-X-dGRE3, CA11-X, CAT-1-X and CCUG53310-X -. The different host strains were selected due to high tolerance to inhibitor compounds, superior ability for ethanol performance and high ethanol productivities (Pereira et al., 2014a) and thus used as chassis for xylose metabolic engineering with exactly the same pathway. Fermentation profiles are shown in Fig. 1a (sugar consumption) and b (ethanol and xylitol production). Glucose was rapidly consumed by all strains within 6 h of fermentation. On the other hand, clear difference in xylose consumption was observed among strains (Fig. 1a) . PE-2-X and PE-2-dGRE3 consumed xylose within 48 h of fermentation and CAT-1-X and CA11-X needed 72 h for almost complete depletion. CCUG53310-X was able to consume 13.6 g/L of xylose, remaining 30.2 g/L of xylose in the medium. Differences in the production of ethanol were also observed (Fig. 1b) . Maximal ethanol concentration was obtained by PE-2-X-dGRE3. On the other hand, maximal xylitol production was attained by PE-2-X. In order to compare the recombinant strains, Fig. 2 and Table 2 show fermentation parameters and main results obtained from fermentation profiles of these recombinant strains in YPDX medium.
All strains presented a similar glucose consumption rate of about 3 g/LÁh, except for CCUG53310-X, which showed a consumption rate of 2 g/LÁh (Fig. 2a) . It has been reported that glucose and xylose are sequentially consumed due to the slower xylose consumption in presence of glucose (Kim et al., 2013) . The presence of glucose may suppress xylose consumption, since both sugars enter the cell through the same hexose transporters (Kim et al., 2012) . Nevertheless, the presence of glucose in very low concentrations (less than 1 g/L) can facilitate xylose consumption (Lee et al., 2002) . Table 3 Main results of batch fermentation performance of metabolic engineered Saccharomyces cerevisiae strains (PE-2 with GRE3 deleted, dGRE3, CA11 and CAT-1, CCUG53310 backgrounds with the xylose metabolic pathway, -X) in xylose synthetic media (YPX is a medium with xylose, yeast extract and peptone).
Run
Yeast Xt 0 is the xylose concentration at time = 0 h; Xt f is the xylose concentration at final time = 72 h; X CR is the xylose consumption rate until ethanol maximum is achieved (48 h); E max is the maximal ethanol concentration achieved at 48 h; Y P/S is the ethanol yield (ratio between ethanol produced over xylose consumed) when ethanol maximum is achieved (48 h); Y X/S is the biomass yield at the end of fermentation (g of dry cell/g of consumed sugar). Significant differences (P < 0.05) of the variables X CR , E max , Xylitol and Y P/S are established by a, b, c and d letters.
Table 4
Main results of batch fermentation performance of Saccharomyces cerevisiae strains (PE-2 with GRE3 deleted, dGRE3, CA11 and CAT-1 backgrounds with the xylose metabolic pathway, -X) in lignocellulose hydrolysates (EGW -Eucalyptus globulus; PTW -Paulownia tomentosa wood; WS -wheat straw; CC -corn cob) with low cost supplements. In this study, xylose consumption rate was analysed separately, in the presence and absence of glucose (Fig. 2b) . When both sugars were present in the medium, PE-2-X showed the greater xylose consumption rate (more than 2 g/LÁh). Nevertheless after glucose depletion, xylose uptake dropped to about half of the initial rate. In comparison, PE-2-X-dGRE3 presented lower xylose consumption rate in the presence of both sugars. Nonetheless, PE-2-XdGRE3 maintained the same xylose consumption rate when on xylose alone (about 1.4 g/LÁh), with no significant differences when compared with PE-2-X without the GRE3 deletion under the same conditions. These consumption rates can be favourably compared to literature, where rates below 0.5 g/LÁh were reported in media containing both glucose and xylose in aerobic conditions (Parreiras et al., 2014) . CA11-X showed a reduced rate in the first six hours (until glucose depletion), in comparison with PE-2-X and PE-2-XdGRE3, and the consumption rate diminished to half of its initial value after that (Fig. 2b) . CAT-1-X seems to present some difficulty in co-fermenting both sugars, being the only strain that had increased consumption rate when xylose was the only carbon source (Fig. 1a) . Regardless of this increase, its values were lower than PE-2-X and PE-2-X-dGRE3, which may also suggest some inhibition from glucose on xylose consumption. CUG53310-X showed great deficiency to utilize xylose in both situations (presence or absence of glucose) as can be observed in Fig. 1a .
In terms of ethanol yield, PE-2-X-dGRE3, CAT-1-X and CA11-X appear to be the most efficient strains (Fig. 2c) . Regarding xylitol accumulation, CA11-X and CAT-1-X produced low amounts of this by-product (about 5 g/L and 3 g/L, respectively) and CCUG53310 produced less than 2 g/L, due, most probably, to its slow xylose consumption (Fig. 2d) . The deletion of the GRE3 gene in PE-2-XdGRE3 lead to a reduction in xylitol production of more than 30%, when compared to PE-2-X (Fig. 2d) , which follows the same tendency shown in previous studies (Träaff et al., 2001; Träff-Bjerre et al., 2004) . Consequently, the ratio between ethanol produced over sugars consumed was significantly higher in fermentation with PE-2-X-dGRE3 (P < 0.05), which states clearly the positive influence of the deletion of GRE3 gene on the reduction of the generation of this by-product and improvement of bioethanol yield (Fig. 2d) . Nevertheless, xylitol production by PE-2-XdGRE3 remains 1.6 and 2.6-fold higher than the values achieved by CA11-X and CAT-1-X (Fig. 2d) , respectively, showing clearly the importance of the yeast chassis on the outcome of metabolic engineering strategies. Despite the fact that GRE3 deletion removes the major native route of production of this by-product (Träaff et al., 2001) , xylitol accumulation has been also associated to the activity of an endogenous xylitol dehydrogenase with higher specificity for xylulose (Richard et al., 1999) , putative aldose reductases (Garay-Arroyo and Covarrubias, 1999) and a cofactor imbalance in the two-step conversion of xylose into xylulose, resulting in a xylitol pool formation (Eliasson et al., 2001; Almeida et al., 2011) .
Evaluation of yeast strains xylose fermentation capacity
To evaluate yeast behavior in the presence of xylose as the only carbon source and observe the capacity of modified strains for xylose fermentation, its consumption in synthetic medium was assayed with four of the yeast strains above-mentioned: PE-2-XdGRE3, CA11-X, CAT-1-X and CCUG53310-X. Fermentation profiles are shown in Fig. 1c (xylose consumption) and d (ethanol and xylitol production). Differences in xylose consumption and ethanol production were also observed with xylose as sole carbon source. Xylose consumption by CA11-X and CAT-1 was only observed after 11 h of fermentation. Maximal ethanol production was achieved by PE-2-X-dGRE3. Moreover, highest concentration of xylitol (8.08 g/ L) was obtained by this strain. For an easier comparison among strains, Table 3 shows parameters of these fermentation profiles. It is possible to observe that PE-2-X-dGRE3 showed a higher xylose consumption rate when compared with the other strains tested, consuming about 1 g/L of xylose per hour (Table 3) . In contrast, CCUG53310-X was clearly the less efficient strain, consuming less than 20% of the xylose present in the medium (Table 3 , Run 9), and at a much slower xylose consumption rate. The high consumption rate of xylose was shown by PE-2-X-dGRE3. CA11-X and CAT-1-X, while presenting similar xylose consumption rates, had statistically significant differences (P < 0.05) when comparing xylitol production (6.73 g/L and 3.63 g/L, respectively). Xylitol production by CCUG53310-X was low as a consequence of its low xylose consumption (Table 3) . The low ratio between ethanol produced and xylose consumed confirmed the poor efficiency of CCUG53310-X for ethanol production from xylose exclusively, while the other three strains tested in this assay have shown no statistically significant differences between them, achieving ethanol yields of approximately 0.2 g/g (Table 3 ). Aerobic xylose consumption has been studied previously (Anderlund et al., 2001; Toivari et al., 2001; Pitkänen et al., 2005) and ethanol yield is usually less than 0.1 g/g and accompanied by relatively high xylitol yield (up to 0.62 g/g). In anaerobic conditions ethanol yields of 0.43 g/g with low xylitol production have been reported (Karhumaa et al., 2007) . Differences on xylitol production, xylose consumption and ethanol concentration among recombinant S. cerevisiae strains isolated from different industrial processes (brewery, bakery and food industry) were also reported by Matsushika et al. (2009) in which a flocculating strain from brewery was the most efficient strain for xylose-to-ethanol production in all conditions evaluated. In the present work, the background of strains isolated from similar fermentation environments, bioethanol and ''cachaça" industries, were evaluated and proved to differently influence the fermentation outcome, mainly regarding xylitol production and xylose consumption rate.
Evaluation of yeast strain performance on lignocellulosic hydrolysates 3.2.1. Low-cost supplementation in lignocellulosic hydrolysates fermentation
Once the yeast strains behavior in synthetic media has been analysed, it is vital to evaluate its performance in real lignocellulosic hydrolysates, where the source of raw material could play an important role. Lignocellulosic hydrolysates present poor nutritional content, creating the necessity of external nutrient supplementation in order to improve ethanol yields (Jørgensen, 2009 ). Supplementation of E. globulus hydrolysate with low cost agroindustrial by-products has been reported to improve the glucose fermentation rate and ethanol yield using the wild-type PE-2 strain (Kelbert et al., 2015) . Here, the PE-2-X-dGRE3 strain was selected to evaluate the effect of substitution of laboratory grade nutrients by low-cost supplements on xylose fermentation performance in all of the hydrolysates used in this work. Results in Fig. 3 show that xylose consumption using both types of supplementation was efficient and similar in all hydrolysates. Additionally, the different supplementation had no effect on the ethanol production on three Table 2 : a) Glucose consumption rate (in g/LÁh); b) xylose consumption rate in presence of glucose (gray bars) and in absence of glucose (black bars); c) ratio between ethanol produced and xylose consumed; and d) maximum xylitol produced.
of the hydrolysates (Fig. 3a, b and c) , and was slightly superior (P < 0.05) with low-cost supplementation in the corn cob hydrolysate (Fig. 3d) . Thus, commercial supplementation could be substituted by low-cost supplements in lignocellulosic fermentation processes reducing operational costs. Taking into account these results, subsequent fermentation experiments were carried out with low-cost supplements.
Xylose consumption of metabolic engineered strains on lignocellulosic hydrolysates
A commonly used strategy for the evaluation of metabolic or evolutionary engineered strains for xylose consumption is based on screening in a synthetic medium for single inhibitor/stress tolerance (Li et al., 2015) or in only one lignocellulosic hydrolysate and evolutionary engineering to improve tolerance (Demeke et al., 2013; Li et al., 2015) . It should be taken into account that the composition of hydrolysates can be heterogeneous since this depends on the pretreatment employed, the conditions of pretreatment and the source of lignocellulosic biomass (Koppram et al., 2014) .
In the present study, four hydrolysates from fast growing hardwood and agricultural residue biomasses were employed as fermentation media to evaluate the metabolic engineering yeast performances (time courses shown in Figs. 3 and 4) . Due to the low capacity of the strain CCUG53310 for xylose fermentation it was excluded from further studies. Three yeast strains were selected (PE-2-X-dGRE3, CA11-X and CAT-1-X) for fermentation in the four hydrolysates with low-cost supplementation (runs listed in Table 4 ). As observed, recombinant strains were able to ferment the non-detoxified hydrolysates evaluated in this work (Figs. 3 and 4) . In Fig. 5 , differences among strains across several hydrolysates can be compared, showing a broad range of conditions. In E. globulus wood, xylose consumption rate was very similar for the three yeast strains (all above 0.3 g/LÁh), but when considering the ratio between ethanol produced to xylose consumed, PE-2-X-dGRE3 performed significantly better (Fig. 5a) , with a yield of 0.43 g/g in the first 24 h, close to the theoretical yield, while the two other strains exhibited ratios of about 0.30 g/g (Table 4 , Run 1-3). In P. tomentosa wood hydrolysate, none of the yeast stood out, with all of them showing high ratios of ethanol production over xylose consumption in the first 24 h (0.43-0.46 g of ethanol/g of sugar) (Fig. 5b) . The lowest xylose consumption rate in this hydrolysate was influenced by more inhibitor loading (Table 1) . These results show great capability of fermentation by the tested strains even with relatively high concentrations of acetic acid present in this hydrolysate (between 5 and 6 g/L).
In wheat straw hydrolysate, xylose consumption rates were essentially similar for the evaluated strains (Fig. 5c) , showing significant differences in ethanol yield (PE-2-X-dGRE3 achieved the highest yield of 0.4 g/g). Finally, in corn cob hydrolysates, CA11-X presented a xylose consumption rate of 0.47 g/LÁh, significantly higher than PE-2-X-dGRE3 (0.41 g/LÁh), with CAT-1-X consuming xylose at a 0.45 g/LÁh rate (Table 4 , Run 10-12). However, despite lower rate consumption, ethanol yield of PE-2-X-dGRE3 was higher than CA11-X and CAT-1, presenting a ratio of 0.43 g of ethanol per g of xylose consumed (Fig. 5d) .
Overall, lower xylose consumption was obtained in hydrolysates of fast growing hardwoods (Paulownia and Eucalyptus) when compared to hydrolysates from agricultural residues, corn cob and wheat straw (Figs. 3 and 4) . This fact could be due to higher acetic acid concentration in hardwood hydrolysates (Table 4) . Acetic acid is one of the most inhibitory compounds released from hemicellulose during pretreatment, affecting greatly both growth and ethanol fermentation of yeast strains (Demeke et al., 2013) . Its effects are known to be more severe for xylose fermentation than for glucose fermentation (Casey et al., 2010) and the presence of acetic acid in concentrations of about 4-5 g/L is capable of decreasing xylose consumption (Casey et al., 2010; Demeke et al., 2013) . The overall relatively low xylose consumption rates obtained in these hydrolysates comparing with synthetic media (S1 in Supplementary data) may be due to synergistic toxic effects of acetic acid, phenolics, furfural and hydroxymethylfurfural present in the hydrolysates composition (Ko et al., 2016) .
Direct comparison with results obtained in the literature is not straightforward due to process complexity and heterogeneity that includes: type of pretreatment (hydrothermal or acid), the source of raw material that determines the operational conditions and consequently the inhibitor compounds released, the background of selected strain and the metabolic pathway used. Nevertheless some comparable examples can be picked up from literature where interesting ethanol yields were reported for recombinant strains in specific hydrolysates. Koppram et al. (2013) reported efficient ethanol production with a recombinant KE6-12 strain carrying the XR-XDH pathway in simultaneous saccharification and cofermentation fed-batch assays in corn cob hydrolysate, with ethanol yields up to 0.39 g/g. Ko et al. (2016) reported for the SXA-R2 P-E strain, expressing the XI pathway, in oak hardwood hydrolysate with approximately 6 g/L of acetic acid, an ethanol yield of 0.43 g/g. Studies using wheat straw as feedstock with industrial recombinant yeast strains expressing also the XR-XDH pathway have reported ethanol yields from 0.39 g/g (KE6-12 strain) up to 0.48 g/g, with TMB3400 (Erdei et al., 2012 (Erdei et al., , 2013 . While these results were obtained in fed-batch fermentation, the ethanol yields obtained in this work stand among those. Besides in this study, the hydrolysates were supplemented with low cost nutrients and not with expensive laboratory grade yeast extract and/or peptone. Still worth of note are the results obtained in this work that show differences between the engineered strains evaluated depending on the lignocellulosic hydrolysate used, supporting the idea that the selection of yeast for integrated lignocellulosic bioethanol processes should be addressed from a global perspective (considering all hurdles at once). The selection of the yeast chassis cell and advanced engineering strategies should take into account from the very beginning the process conditions and biomass material that will be used in order to attain a high-productivity process.
Thermotolerance evaluation in hemicellulosic hydrolysate fermentations
Thermotolerance is another potentially attractive feature to be evaluated since high temperatures are necessary for the enzymatic saccharification of pretreated lignocellulosic biomass. From the results shown above, it is possible to observe that PE-2-X-dGRE3 is the yeast strain with consistently higher ethanol yields in both synthetic and hydrolysate media. On the other hand, CA11-X has been shown to exhibit efficient glucose fermentation at temperatures higher than 30°C (Ruiz et al., 2012) . For these reasons, both strains were compared for their ability to ferment E. globulus hydrolysate at 40°C. Fig. 6 shows the fermentation profiles obtained by these strains. At this temperature, it was possible to observe that CA11-X was able to consume all xylose present in the medium (Table 4 , Run 14) at a higher consumption rate (0.36 g/LÁh ± 0.02), while PE-2-X-dGRE3 (Table 4 , Run 13) consumed approximately 70% of xylose, at a consumption rate of 0.24 g/LÁh ± 0.02. Probably, a synergetic effect occurs between temperature and hydrolysate inhibition when temperature is increased from 30 to 40°C (Kelbert et al., 2016) . Ethanol yield was also higher in CA-11-X fermentation, with production of almost 16 g of ethanol per 100 g of xylan in raw material, against less than 14 g of ethanol in the same condition (Table 4) . Also, when comparing these results with the same fermentations at 30°C, it is possible to observe that PE-2-X-dGRE3 presents a significant reduction in xylose consumption rate, while CA11-X maintains a constant value. The efficient performance of CA11-X strain at 40°C would be an interesting starting point to advance towards integrated process by a simultaneous saccharification and fermentation comprising solid cellulosic fraction in which enzymes are required together with xylose rich hydrolysate.
Overall comparison of industrial S. cerevisiae backgrounds
The strategy followed in this work allows the identification of potential chassis strains with suitable backgrounds to cope with process-specific challenges that arise during lignocellulosic bioethanol production. An initial screening for evaluation of cofermentation of glucose and xylose showed differences between the strains inherent capacities for xylose consumption: while PE-2-X, PE-2-X-dGRE3 and CA11-X were capable of simultaneously consume glucose and xylose, CAT-1-X showed difficulties in coconsuming both sugars. Additionally, the CCUG53310-X strain, that has been described to efficiently produce ethanol from glucose in the presence of lignocellulosic-derived inhibitors (Pereira et al., 2014a) , has been shown here to be incapable of metabolizing xylose, making it unfeasible as chassis choice for valorization of lignocellulosic hydrolysates with high contents of this sugar. When comparing all strains for their capacity to metabolize xylose in synthetic media, both in the presence and absence of glucose, we observed a superior performance by PE-2-X and PE-2-X-dGRE3. Nonetheless, the PE-2 strain presented an innate propensity for xylitol accumulation, and such strains may benefit from an alterna- Fig. 6 . Time course fermentation profiles of Eucalyptus globulus hydrolysates with low-cost supplements at 40°C using PE-2-X-dGRE3 (filled circles) and CA11-X (empty circles). Each data point represents the mean ± standard deviation of duplicate experiments.
tive xylose metabolic pathway, such as the non-cofactor-requiring xylose isomerase pathway. This highlights the importance of adjusting the metabolic engineering strategy to the genetic background of the chassis strains.
In a subsequent evaluation of strains fermentation performance in real lignocellulosic hydrolysates, it was observed that the presence of inhibitory compounds clearly hampered xylose consumption rate comparing with synthetic media (see S1 in Supplementary data), supporting the importance of testing several challenging conditions simultaneously. Moreover, the necessity of adjusting the strain selection to the specific inhibitory load of different hydrolysates was underlined by the heterogeneous results obtained from the four hydrolysates tested: all strains had similar performances in the Paulownia hydrolysate, while PE-2-X-dGRE3 achieved superior ethanol yields in the other three hydrolysates.
Despite the distinguished overall results of PE-2-X-dGRE3, the CA11-X strain had a superior and remarkable performance in fermentation of E. globulus hydrolysate at 40°C, a clear consequence of its thermotolerant background. This result highlights, not only the importance of the strain background, but also the necessity of performing screenings with integration of all the major obstacles for efficient bioethanol production from lignocellulosic material: xylose consumption, inhibitory loads and higher process temperatures.
Conclusions
In this work, four S. cerevisiae strains were engineered with the same metabolic pathway in order to identify a suitable chassis to be used in lignocellulosic fermentation process. Recombinant strains showed significant differences in xylose consumption and xylitol formation, with PE-2-X-dGRE3 and CA11-X exhibiting the most promising performances. In non-detoxified hydrolysates at 30°C, 0.40-0.46 g/g of ethanol yields were obtained. At 40°C, 70 and 100% of xylose were consumed by PE-2-X-dGRE3 and CA11-X, respectively. The heterogeneous outcomes observed for different strains highlight the importance of carefully addressing the engineering of yeast strains for efficient lignocellulosic-to-ethanol production processes.
